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1. Introduction 
Clean energy resources as an alternative to fossil fuels has been required. Photovoltaics is 
the most promising among renewable energy technologies. On the other hand, the cost of 
the electrical energy generated by the solar cells was higher than that generated by fossil 
fuels. The cost reduction of the solar cell is therefore required. 
Since high-conversion efficiencies have been demonstrated for solar cells using GaAs 
substrates in 1977 (Kamath et al., 1977; Woodall et al., 1977), a critical problem is how to 
reduce power generation cost. The characters required to solar cells strongly depend on its 
applications. In particular, thin film solar cells are promising for terrestrial applications, 
because thin film solar cells are more advantageous than bulk type solar cells in terms of 
consumption of raw materials. Konagai et al. fabricated the thin film solar cells on a single 
crystalline GaAs substrate by the liquid phase epitaxy mehtod, and focused on the reuse of 
GaAs substrates by detaching these thin film solar cells from the GaAs substrates (Konagai 
et al., 1978). Konagai et al. named this separation technique the Peeled Film Technology 
(PFT). This is the invention of the lift-off method in solar cell development. A specific 
explanation of the PFT is as follows. An Al1-xGaxAs layer was introduced between the thin 
film solar cell and the GaAs substrate as a release layer. The thin film solar cell was 
separated from the GaAs substrate by etching the Al1-xGaxAs layer by the HF solution, 
because Al1-xGaxAs was readily dissolved by the HF solution compared to GaAs. Since a 
chemical technique was mainly used for the peeling, this method is defined as a chemical 
lift-off process. Recently, this has been researched as the epitaxial lift-off (ELO) method 
(Geelen et al., 1997; Schemer et al., 2000, 2005a; Voncken et al., 2002; Yablonovitch et al., 
1987). 
On the other hand, the cleavage of lateral epitaxial films for transfer (CLEFT) process, where 
the thin film was mechanically peeled, was developed as a transfer method of a single 
crystalline GaAs thin film (McClelland et al., 1980). A specific explanation of the CLEFT 
process is as follows. A photoresist was applied to a surface of a GaAs substrate. The 
photoresist was patterned with equally-spaced stripe openings by standard 
photolithographic techniques. Next, a GaAs layer was grown on this patterned substrate 
surface. In this case, a GaAs layer was grown on only the openings of the photoresist. The 
lateral growth of a GaAs layer occurs during the GaAs deposition. A single crystalline GaAs 
layer is therefore formed on the photoresist. Alternative substrate was bonded onto this 
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surface with epoxy glue. The single crystalline thin film was transferred to the alternative 
substrate by applying tensile strain. The CLEFT process is theorefore defined as a 
mechanical lift-off process. 
Unfortunately, the conversion efficiency of the GaAs thin film solar cell using the lift-off 
process was lower than that of the GaAs bulk solar cell (Schermer et al., 2006). Recently, 
comparable conversion efficiencies have been demonstrated (Bauhuis et al., 2009). 
On the other hand, the energy:weight ratio of the photovoltaic module is a very important 
index for space applications. Integration of high-efficiency III-V solar cells with light weight 
substrates is required. Schermer et al. developed high-efficiency III-V solar cells with light-
weight by the ELO process using the GaAs substrate (Schermer et al., 2005b). 
In addition, the lift-off process was applied to reuse Si substrates (Bergmann et al., 2002; 
Brendel, 2001). Moreover, the lift-off process was applied to fabricate flexible solar cells in 
the developments of II-VI and I-III-VI2 semiconductor thin film solar cells (Marrón et al., 
2005; Minemoto et al., 2010; Romeo et al., 2006; Tiwari et al., 1999). 
Here, we focus on advantages of the lift-off process in fabrication of flexible Cu(In,Ga)Se2 
(CIGS) thin film solar cells. For example, for the fabrication process where CIGS layers were 
directly grown on flexible substrates, Ti foils (Hartmann et al., 2000; Herz et al., 2003; 
Ishizuka et al., 2009a; Kapur et al., 2002; Kessler et al., 2005; Yagioka & Nakada, 2009), Cu 
steel sheets (Herz et al., 2003), Mo foils (Kapur et al., 2002, 2003), stainless steel sheets (Britt 
et al., 2008; Gedhill et al., 2011; Hashimoto et al., 2003 ; Kessler et al., 2005; Khelifi et al., 2010; 
Pinarbasi et al., 2010; Satoh et al., 2000, 2003;  Shi et al., 2009; Wuerz et al., 2009), Al foils 
(Brémaud et al., 2007), Fe/Ni alloy foils (Hartmann et al., 2000), ZrO2 sheets (Ishizuka et al., 
2008a, 2008b, 2009b, 2010), and polyimide (PI) films (Brémaud et al., 2005; Caballero et al., 
2009; Hartmann et al., 2000; Ishizuka et al., 2008c; Kapur et al., 2003; Kessler et al., 2005; 
Rudmann et al., 2005; Zachmann et al., 2009;), are used as flexible substrates. Since these 
materials do not include Na, other processes to introduce Na are required (Caballero et al., 
2009; Ishizuka et al., 2008a; Keyes et al., 1997). Since the thermal tolerance temperature of a 
PI film is ~450˚C, the low temperature growth of a CIGS layer is required. The first of the 
advantages of the lift-off process is to enable to use a high quality CIGS layer grown on a 
conventional Mo/soda-lime glass (SLG) substrate in the flexible solar cell fabrication. 
Consequently, the low temperature growth technology for high quality CIGS layer 
formation and novel processes for a Na source are not required. The second is to enable to 
use low thermal tolerance films as the flexible substrate of a CIGS solar cell, because in the 
CIGS solar cell fabrication process, the highest temperature process is the growth of a CIGS 
layer and the process temperature after the growth of a CIGS layer is less than 100˚C. 
2. Experimental 
2.1 Flexible Cu(In,Ga)Se2 solar cell fabrication procedure 
A schematic illustration of the fabrication procedure of our flexible CIGS solar cell using the 
lift-off process is shown in Fig. 1 (Minemoto et al., 2010). A 0.8-m-thick Mo layer was 
deposited on an SLG substrate without intentional substrate heating by the radio frequency 
(RF) magnetron sputtering method. A 2.5-m-thick CIGS layer was deposited on the 
Mo/SLG substrate by the three-stage deposition process at the highest substrate 
temperature of approximately 550˚C (Contreras et al., 1994a; Negami et al., 2002). From 
energy dispersive x-ray spectrometry measurements, the Cu, In, Ga, and Se composition 
ratios of this CIGS layer were approxymately 23, 18, 8, and 51%, respectively. The 
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[Cu]/[Ga+In] and [Ga]/[Ga+In] ratios of the CIGS layer were therefore calclated to be ~0.88 
and ~0.31, respectively. After CIGS surface cleaning by a KCN solution, a 0.2-m-thick Au 
layer was deposited on the CIGS surface by a resistive evaporation method as a back 
electrode. The samples were annealed for 30 min at 250˚C in N2 ambient. Flexible films were 
bonded onto support SLG substrates with a silicone adhesion bond for preparation of the 
alternative substrates. These alternative substrates were also bonded onto the 
Au/CIGS/Mo/SLG structure with conductive epoxy glue. To dry the conductive epoxy 
glue, the samples were annealed on a hot plate at 100˚C for 10 min in the atmosphere. Then, 
the alternative-sub./epoxy/Au/CIGS stacked structures were detached from the primary 
Mo/SLG substrates by applying tensile strain. In this detachment, the CIGS layer was 
transferred to the alternative substrate side (Marrón et al., 2005). The lift-off flexible CIGS 
solar cells were fabricated using this peeled CIGS layer. After cleaning of the CIGS rear 
surface by a KCN solution, a 0.1-m-thick CdS layer was deposited on the CIGS rear surface 
by the chemical bath deposition method. 0.1-m-thick i-ZnO and 0.1-m-thick In2O3:Sn 
layers were deposited by the RF magnetron sputtering method. Al/NiCr grids were formed. 
Finally, the flexible CIGS solar cells using the lift-off process were completed by detaching 
the flexible films from the support SLG substrates. For comparison, we also prepared a 
standard solar cell where the lift-off process was not carried out (the 
Al/NiCr/In2O3:Sn/ZnO/CdS/CIGS/Mo/SLG structure). The properties of the films used 
in this study are summarized in Table 1. Figure 2 shows a photograph of the flexible solar 
cells using the PI film. 
 
Material PI PTFE Polyester 
Thermal tolerance temperature (˚C) 450 260 120 
Thickness (m) 55 120 25 
Table 1. Properties of PI, polytetrafluoroethylene (PTFE) and polyester films used in this 
study are summarized. 
2.2 Characterization methods 
Current density-voltage (J-V) measurements were performed under standard air mass 1.5 
global conditions (100 mW/cm2) at 25˚C. External quantum efficiency (EQE) measurements 
of the AC mode were performed at 25˚C under white light bias (~0.3 sun) conditions. The 
laser-beam-induced current (LBIC) method using the laser diode (: 783 nm, laser power: 0.3 
mW) was performed to investigate a spatial distribution of an EQE (Minemoto et al., 2005). 
In LBIC measurements, a nominal spot size is less than 50 m and a scan step is 53 m. The 
surfaces of the fabricated flexible solar cells were observed with an optical microscope. The 
J-V, EQE, and LBIC measurements were performed after light soaking. 
3. Results and discussion 
3.1 Characterization of flexible Cu(In,Ga)Se2 solar cells fabricated using lift-off 
process 
The J-V characteristics of the fabricated flexible solar cells are shown in Fig. 3. For 
comparison, the J-V characteristic of the standard solar cell is also shown. Solar cell 
parameters such as the short-circuit current density (Jsc), the open-circuit voltage (Voc), the 
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Fig. 1. Schematic illustration of fabrication procedure of flexible CIGS solar cell using lift-off 
process. 
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Fig. 2. Photograph of flexible CIGS solar cells using PI film. 
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Fig. 3. Photo J-V curves of flexible solar cells using PTFE (red) and PI (blue) films. Photo J-V 
curve of standard solar cell without lift-off process (brack) is also shown for comparison. 
 
Sample structure Eff. (%) Jsc (mA/cm2) Voc (V) FF (%) 
PI flexible 5.9 25.7 0.420 54.9 
PTFE flexible 6.6 25.6 0.445 57.9 
Standard 11.4 36.9 0.497 62.4 
Table 2. Solar cell parameters obtaind from flexible solar cells using PI and PTFE films. Solar 
cell parameters of standard solar cell are also shown for comparison. 
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conversion efficiency (Eff.), and the fill factor (FF) are summarized in Table 2. The 
conversion efficiencies of the flexible solar cells are an approximately half conversion 
efficiency of the standard solar cell. EQE spectra of these solar cells are shown in Fig. 4. 
EQEs of the flexible solar cells remarkably decrease in the long wavelength region from 700 
to 1200 nm compared to the standard solar cell. We discuss this cause as below. 
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Fig. 4. EQE spectra of flexible solar cells using PTFE (red) and PI films (blue). EQE spectrum 
of standard solar cell without lift-off process (black) is also shown for comparison. EQE 
spectra of flexible solar cells are similar irrespective of substrate materials. 
As shown in Fig. 5(a), the band gap profile of the standard solar cell consists of the graded 
band gap structure because of the three-stage deposition process. The diffusion length of 
electrons generated by the long wavelength light near the back electrode is improved due to 
the quasi-electric field in which the CIGS layer forms (Contreras et al., 1994b). The graded 
band gap structure is therefore beneficial for collecting the photogenerated carriers. On the 
other hand, as shown in Fig. 5(b), the band gap profile of the CIGS layer is inverted due to 
 
Surface
Rear
surface
e-
(a) (b)
Photogenerated
electron
h+Photogenerated
hole
Conduction
Surface
Rear
surface
e-
Photogenerated
electron
h+Photogenerated
hole
band
Conduction
band
Valence
band
Valence
band
 
Fig. 5. Schematic illustrations of band gap profiles of CIGS layers. CIGS absorber layers with 
(a) double geraded band gap and (b) inverted double graded band gap structures are shown. 
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the lift-off process for the flexible solar cells. We speculate that the band gap profile of the 
inverted graded band gap structure is not beneficial for collecting the photogenerated 
carriers by long wavelength light. We conclude that the EQE reductions observed for the 
flexible solar cells are attributed to the influence of the inverted graded band gap structure. 
We describe an interesting point of our flexible solar cells as below. Different materials with 
different thermal tolerance temperatures are used as the flexible substrates of these flexible 
solar cells, as shown in Table 1. These flexible solar cells, however, show the similar 
characteristics irrespective of the flexible film materials from Fig. 3 and Fig. 4. 
LBIC and optical microscope images of the flexible solar cell using the PTFE film are shown 
in Figs. 6(a) and 6(b), respectively. There is a low EQE region on the lower side of the solar 
cell from Fig. 6(a). This low EQE region corresponds approximately to the flexurelike region 
from a comparison between Figs. 6(a) and 6(b). This result therefore suggests that this 
flexure cause reduction of an EQE. LBIC and optical microscope images of the standard 
solar cell are shown in Figs. 6(c) and 6(d), respectively. In contrast, the LBIC and optical 
microscope images are uniform for the standard solar cell. 
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Fig. 6. (a) LBIC and (b) optical microscope images of flexible solar cell using PI film. (c) LBIC 
and (d) optical microscope images of standard solar cell. Indicators of EQE intensity are 
shown next to LBIC images. 
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Fig. 7. Schematic illustration of fabrication procedure of flexible CIGS solar cell using 
(Zn0.83,Mg0.17)O window layer and lift-off process. 
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3.2 Development of Cd-free flexible Cu(In,Ga)Se2 solar cells 
We developed a new Cd-free flexible CIGS solar cell using a (Zn,Mg)O window layer. The 
fabrication procedure is shown in Fig. 7. This process is basically similar to Fig. 1. We 
deposited a 0.1-m-thick (Zn0.83,Mg0.17)O window layer in stead of the ZnO window/CdS 
buffer layers. The RF magnetron cosputtering method using ZnO and MgO  targets was 
used as the deposition technique (Minemoto et al., 2000, 2001). We also deposited a 0.2-m-
thick Ni layer by the resistive evaporation method as the back electrode in stead of the Au 
layer. In this subsection, a 55-m-thick polyester film was used as a flexible substrate. 
Interestingly, when the flexible solar cell using the polyester film was separated from the 
support SLG substrate, the detachment occurred not at the support SLG/polyester interface 
but at the polyester/epoxy interface due to the weaker adhesion at the polyester/epoxy 
interface. After the substrate-free structure was once, the polyester film was therefore 
bonded onto the rear surface of the solar cell with a silicone adhesion bond. The photograph 
of the flexible solar cells fabricated via the above procedure is shown in Fig. 8. We also 
prepared not only the flexible solar cells using the conventional ZnO window/CdS buffer 
layers but also the solar cells without the lift-off process for comparison. 
 
 
 
 
 
 
 
 
 
(Zn,Mg)O flexible ZnO/CdS flexible
Conventional
solar cells solar cells
 
Fig. 8. Photograph of flexible solar cells using polyester film. Left solar cells are Cd-free solar 
cells using (Zn,Mg)O window layer. Right solar cells consist of conventional ZnO 
window/CdS buffer layers structure. 
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The J-V characteristics of the flexible solar cells are shown in Fig. 9. The results of the standard 
solar cells without the lift-off process are also shown in Fig. 9. Solar cell parameters obtained 
from the J-V characteristics are summarized in Table 3. All parameters of the ZnO/CdS solar 
cell is higher than those of the (Zn,Mg)O solar cell for the standard solar cells. On the other 
hand, although there are the differences in the window layer/ buffer layer structures for the 
flexible solar cells, these flexible solar cells show the similar properties. 
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Fig. 9. Photo J-V curves of flexible solar cells using (Zn,Mg)O window layer and 
conventional ZnO window/CdS buffer layers. Photo J-V curves of standard solar cells 
without lift-off process are also shown for comparison. 
EQE spectra of these solar cells are shown in Fig. 9. EQEs of the (Zn,Mg)O standard solar 
cell are higher than those of the ZnO/CdS standard solar cell in the region from 300 to 480 
nm, because the band gap of (Zn0.83,Mg0.17)O is higher than those of CdS and ZnO 
(Minemoto et al., 2000). These high EQEs in this region is therefore attributed to a low 
transmission loss of the short wavelength light. Moreover, the tendency of this result is also 
observed for the flexible solar cells. We found that the (Zn,Mg)O window layer structure 
was effective for reducing a transmission loss of the short wavelength light even in our 
flexible solar cells. 
 
Sample structure Eff. (%) Jsc (mA/cm2) Voc (V) FF (%) 
(Zn,Mg)O flexible 1.0 14.8 0.231 30.5 
ZnO/CdS flexible 1.0 14.8 0.227 30.2 
(Zn,Mg)O standard 8.3 32.4 0.465 54.9 
ZnO/CdS standard 13.7 34.9 0.562 70.0 
Table 3. Summary of solar cell parameters obtained from flexible solar cells using (Zn,Mg)O 
window layer and conventinal ZnO window/CdS buffer layers. For comparison, solar cell 
parametaers otained from standard solar cells using (Zn,Mg)O window layer and ZnO 
window/CdS buffer layers are also summarized. 
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Fig. 10. EQE spectra of flexible solar cells using (Zn,Mg)O window layer (red) and 
conventional ZnO window/CdS buffer layers (blue). EQE spectra of standard solar cells 
using (Zn,Mg)O window layer (dark red) and ZnO window/CdS buffer layers (dark blue) 
are also shown for comparison. 
Here, we discuss why these flexible solar cells showed the similar solar cell parameters. In 
this subsection, we used Ni in stead of Au as a back electrode material. In subsection 3.1, the 
ZnO/CdS flexible solar cells with the Au back electrode showed a conversion efficiency of 
~6%. We think that the Ni back electrode may limit performance of these solar cells. We 
therefore speculate that the Ni atoms, which diffused into the CIGS layer from the back side 
due to the low temperature annealing, behave as recombination centers for electrons. 
4. Conclusion 
After we described the review of the lift-off process, we also described the advantages of the 
lift-off process in the flexible CIGS solar cell fabrication. We developed the fabrication 
procedure of the flexible CIGS solar cells using the lift-off process. The characteristics of the 
flexible solar cells were shown compared to the standard solar cell. Although the conversion 
efficiencies of the flexible solar cells using the lift-off process are an approximately half 
conversion efficiency of the standard solar cell, the flexible solar cells showed the similar 
characteristics irrespective of the substrate materials. Moreover, we attempted the concept 
of a Cd-free solar cell. We found that the choice of back electrode materials is a crucial 
problem rather than the window layer/buffer layer structure. We expect that the lift-off 
process further advances through our results. 
5. Acknowledgment 
This work was partially supported by the Ministry of Education, Culture, Sports, Science 
and Technology (MEXT) through a Grant-in-Aid for Young Scientists (B). The authors are 
www.intechopen.com
 
Solar Cells – Thin-Film Technologies 
 
416 
grateful to Dr. T. Negami of Pnasonic Electric Works Co., Ltd., for useful discussion. The 
authors would like to thank Mr. T. Yagi and Associate Professor S. Ikeda of Osaka 
University for their technical support in EQE measurements. 
6. References 
Kamath, G. S.; Ewan, J. & Knechtli R. C. (1977). Large-Area High-Efficiency (AlGa)As-GaAs 
Solar Cells. IEEE Transactions on Electron Devices, Vol. ED-24, No. 4, (April 1977), pp. 
473-475, ISSN 0018-9383 
Woodall, J. M. & Hovel, H. J. (1977). An isothermal etchback-regrowth method for high 
efficiency Ga1-xAlxAs-GaAs solar cells. Applied Physics Letters, Vol. 30, No. 9, 
(February 1977), pp. 492-494, ISSN 0003-6951 
Konagai, M.; Sugimoto, M. & Takahashi, K. (1978). HIGH EFFICIENCY GaAs THIN FILM 
SOLAR CELLS BY PEELED FILM TECHNOLOGY. Journal of Crystal Growth, Vol. 
45, (December 1978), pp. 277-280, ISSN 0022-0248 
Geelen, A. V.; Hageman, P. R. Bauhuis, G. J. Rijsingen, P. C. V. Schmidt, P. & Giling, L. J. 
(1997). Epitaxial life-off GaAs solar cell from a reusable GaAs substrate. Material 
Science and Engineering B, Vol. 45, (March 1997), pp. 162-171, ISSN 0921-5107 
Schermer, J. J.; Bauhuis, G. J. Mulder, P. Meulemeesters, W. J. Haverkamp, E. Voncken, M. M. A. 
J. & Larsen, P. K. (2000). High rate epitaxial lift-off on InGaP films from GaAs substrate. 
Applied Physics Letters, Vol. 76, No. 15, (April 2000), pp. 2131-2133, ISSN 0003-6951 
Schermer, J. J.; Mulder, P. Bauhuis, G. J. Voncken, M. M. A. J. Deelen, J. V. Haverkamp, E. & 
Larsen, P. K. (2005a). Epitaxial Lift-Off for large area thin film III/V devices. Physica 
Status Solidi A, Vol. 202, (Febrary 2005), pp. 501-508, ISSN 1862-6300 
Voncken, M. M. A. J.; Schermer, J. J. Maduro, G. Bauhuis, G. J. Mulder, P. & Larsen. P. K. 
(2002). Influence of radius of curvature on the lateral etch rate of the weight 
induced epitaxial lift-off process. Materials Science and Engineering B, Vol. 95, 
(September 2002) pp. 242-248, ISSN 0921-5107 
Yablonovitch, E.; Gmitter, T. Harbison, J. P. & Bhant, R. (1987). Extreme selectivity in the lift-
off epitaxial GaAs films. Applied Physics Letters, (December 1987), pp. 2222-2224, 
ISSN 0003-6951 
McClelland, R. W.; Bozler, C. O. & Fan, J. C. C. (1980). A technique for producing epitaxial 
films on reusable substrate. Applied Physics Letters, Vol. 37, No. 6, (September 1980), 
pp. 560-562, ISSN 0003-6951 
Schermer, J. J.; Bauhuis, G. J. Mulder, P. Haverkamp, E. J. Deelen, J. V. Niftrik, A. T. J. V. & 
Larsen, P. K. (2006). Photon confinement in high-efficiency thin-film III-V solar cells 
obtained by epitaxial lift-off. Thin Solid Films, Vol. 511-512, (January 2006), pp. 645-
653, ISSN 0040-6090 
Bauhuis, G. J.; Mulder, P. Haverkamp, E. J. Huijben, J. C. C. M. & Schermer, J. J. 26.1% thin-
film GaAs solar cell using epitaxial lift-off. Solar Energy Materials and Solar Cells, 
Vol. 93, (May 2009), pp. 1488-1491, ISSN 0927-0248 
Schermer, J. J.; Mulder, P. Bauhuis, G. J. Larsen, P. K. Oomen G. & Bongers E. (2005b) Thin-film 
GaAs Epitaxial Lift-off Solar Cells for Space Applications. Progress in Photovoltaics: 
Research and Applications, Vol. 13, (April 2005), pp. 587-596, ISSN 1062-7995 
www.intechopen.com
 
Development of Flexible Cu(In,Ga)Se2 Thin Film Solar Cell by Lift-Off Process 
 
417 
Bergmann, R. B.; Berge, C. Rinke, T. J. Schmidt, J. & Werner, J. H. (2002). Advances in 
monocrystalline Si thin film solar cells by layer transfer. Solar Energy Materials and 
Solar Cells, Vol. 74, (October 2002), pp. 213-218, ISSN 0927-0248 
Brendel, R. (2001). Review of Layer Transfer Processes for Crystalline Thin-Film Silicon 
Solar Cells. Japanese Journal of Applied Physics, Vol. 40, No. 7, (July 2001), pp. 4431-
4439, ISSN 0021-4922 
Marrón, D. F.; Meeder, A. Sadewasser, S. Würz, R. Kaufmann, C. A. Glatzel, T. Schedel-
Niedrig, T. & Lux-Steiner, M. C. Lift-off process and rear-side characterization of 
CuGaSe2 chalcopyrite thin films and solar cells. Journal of Applied Physics, Vol. 97, 
(April 2005), pp. 094915-1-094915-7, ISSN 0021-8979 
Minemoto, T.; Abe, Y. Anegawa, T. Osada, S. & Takakura, H. (2010). Lift-Off Process for 
Flexible Cu(In,Ga)Se2 Solar Cells. Japanese Journal of Applied Physics, Vol. 49, No. 4, 
(April 2010), pp. 04DP06-1-04DP06-3, ISSN 0021-4922 
Romeo, A.; Khrypunov, G. Kurdesau, F. Arnold, M. Bätzner, D. L. Zogg, H. & Tiwari, A. N. 
High-efficiency flexible CdTe solar cells on polymer substrates. Solar Energy 
Materials and Solar Cells, Vol. 90, (November 2006), pp. 3407-3415, ISSN 0927-0248 
Tiwari, A. N.; Krejci, M. Haung, F.-J. & Zogg, H. (1999). 12.8% Efficiency Cu(In,Ga)Se2 Solar 
Cell on a Flexible Polymer Sheet. Progress in Photovoltaics: Research and Applications, 
Vol. 7, (October 1999), pp. 393-397, ISSN 1062-7995 
Hartmann, M.; Schmidt, M. Jasenek, A. Schock, H. W. Kessler, F. Herz, K. & Powalla, M. 
Flexible and light weight substrates for Cu(In,Ga)Se2 solar cells and modules, 
Conference Record of the Twenty-Eighth IEEE Photovoltaic Specialists Conference 2000, 
pp. 638-641, ISBN 0-7803-5772-8, Anchorage, Alaska, USA, September 15-22, 2000 
Herz, K.; Eicke, A. Kessler, F. Wächter, R. & Powalla, M. (2003). Diffusion barriers for CIGS 
solar cells on metallic substrates. Thin Solid Films, Vol. 431-432, (May 2003), pp. 392-
397, ISSN 0040-6090 
Ishizuka, S.; Yamada, A. & Niki, S. (2009a). Efficiency enhancement of flexible CIGS solar 
cells using alkali-silicate glass thin layers as an alkali source material, Conference 
Record of the Thirty-Forth IEEE Photovoltaic Specialists Conference 2009, pp. 002349-
002353, ISBN 978-1-4244-2949-3, Philadelphia, Pennsylvania, USA, June 7-12, 2009 
Kapur, V. K.; Bansal, A. Phucan L. & Asensio, O. I. (2002). Non-vacuum printing process for 
CIGS solar cells on rigid and flexible substrates, Conference Record of the Twenty-
Ninth IEEE Photovoltaic Specialists Conference 2002, pp. 688-691, ISBN 0-7803-7471-1, 
New Orleans, Louisiana, USA, May 19-24, 2002 
Kessler, F.; Herrmann, D. & Powalla, M. (2005). Approaches to flexible CIGS thin-film solar 
cells. Thin Solid Films, Vol. 480-481, (December 2005), pp. 491-498, ISSN 0040-6090 
Yagioka, T. & Nakada, T. (2009). Cd-Free Flexible Cu(In,Ga)Se2 Thin Film Solar Cells with 
ZnS(O,OH) Buffer Layers on Ti Foils. Applied Physics Express, Vol. 2, No. 7, (June 
2009), pp. 072201-1-072201-3, ISSN 1882-0778 
Kapur, V. K.; Bansal, A. Le, P. & Asensio, O. I. (2003). Non-vacuum processing of CuIn1-
xGaxSe2 solar cells on rigid and flexible substrates using nanoparticle precursor 
inks. Thin Solid Films, Vol. 431-432, (May 2003), pp 53-57, ISSN 0040-6090 
Britt, J. S.; Wiedeman, S. Schoop, U. & Verebelyi, D. (2008). High-volume manufacturing of 
flexible and lightweight CIGS solar cells, Conference Record of the Thirty-Thirdth IEEE 
www.intechopen.com
 
Solar Cells – Thin-Film Technologies 
 
418 
Photovoltaic Specialists Conference 2008, pp. 574-577, ISBN 978-1-4244-2949-3, San 
Diego, California, USA, May 11-16, 2008 
Gledhill, S.; Zykov, A. Allsop, N. Rissom, T. Schniebs, J. Kaufmann, C. A. Lux-Steiner, M. & 
Fischer, Ch-H. (2011). Spray pyrolysis of barrier layers for flexible thin film solar 
cells on steel. Solar Energy Material and Solar Cells, Vol. 95, (Febrary 2011) pp. 504-
509, ISSN 0927-0248 
Hashimoto, Y.; Satoh, T. Shimakawa, S. & Negami, T. (2003). High efficiency CIGS solar cell 
on flexible stainless steel, Proceedings of third World Conference on Photovoltaic Energy 
Conversion 2003, pp. 574-577, ISBN 4-9901816-0-3, Osaka, Japan, May 11-18, 2003 
Khelifi, S.; Belghachi, A. Lauwaert, J. Decock, K. Wienke, J. Caballero, R. Kaufmann, C. A. & 
Burgelman, M. (2010). Characterization of flexible thin film CIGSe solar cells grown 
on different metallic foil substrates. Energy Procedia, Vol. 2, (August 2010), pp. 109-
117, ISSN 1876-6102 
Pinarbasi, M.; Aksu, S. Freitag, J. Boone, T. Zolla, H. Vasquez, J. Nayak, D. Lee, E. Wang, T. 
Abushama, J. & Metin, B. (2001). FLEXIBLE CELLS AND MODULES PRODUCED 
USING ROLL-TO-ROLL ELECTROPLATING APPROACH, Conference Record of the 
Thirty-Fivth IEEE Photovoltaic Specialists Conference 2010, pp. 000169-000174, ISBN 
978-1-4244-5890-5, Honolulu, Hawaii, USA, June 20-25, 2010 
Satoh, T.; Hashimoto, Y. Shimakawa, S. Hayashi, S. & Negami, T. (2000). CIGS solar cells on 
flexible stainless steel substrates, Conference Record of the Twenty-Eighth IEEE 
Photovoltaic Specialists Conference 2000, pp. 567-570, ISBN 0-7803-5772-8, Anchorage, 
Alaska, USA, September 15-22, 2000 
Satoh, T.; Hashimoto, Y. Shimakawa, S. Hayashi, S. & Negami, T. (2003). Cu(In,Ga)Se2 solar 
cells on stainless steel substrates covered with insulating layers. Solar Energy 
Materials and Solar Cells, Vol. 75, (January 2003), pp. 65-71, ISSN 0927-0248 
Shi, C. Y.; Sun, Y. He, Q. Li, F. Y. & Zhao, J. C. (2009). Cu(In,Ga)Se2 solar cells on stainless-
steel substrates covered with ZnO diffusion barriers. Solar Energy Materials and Solar 
Cells, Vol. 93, (May 2009), pp. 654-656, ISSN 0927-0248 
Wuerz, R.; Eicke, A. Frankenfeld, M. Kessler, F. Powalla, M. Rogin, P. & Yazdani-Assl, O. 
(2009). CIGS thin-film solar cells on steel substrates. Thin Solid Films, Vol. 517, 
(Febrary 2009), pp. 2415-2418, ISSN 0040-6090 
Brémaud, D.; Rudmann, D. Kaelin, M. Ernits, K. Bilger, G. Döbeli, M. Zogg, H. & Tiwari, A. N. 
(2007). Flexible Cu(In,Ga)Se2 on Al foils and the effects of Al during chemical bath 
deposition. Thin Solid Films, Vol. 515, (May 2007), pp. 5857-5861, ISSN 0040-6090 
Ishizuka, S.; Yamada, A. Matsubara, K. Fons, P. Sakurai, K. & Niki, S. (2008a). Alkali 
incorporation control in Cu(In,Ga)Se2 thin films using silicate thin layers and 
applications in enhancing flexible solar cell efficiency. Applied Physics Letters, Vol. 
93, (September 2008), pp. 124105-1-124105-3, ISSN 0003-6951 
Ishizuka, S.; Yamada, A. Fons, P. & Niki, S. (2008b). Flexible Cu(In,Ga)Se2 solar cells fabricated 
using alkali-silicate glass thin layers as an alkali source material. Journal of Renewable and 
Sustainable Energy, Vol. 1, (Novenber 2008), pp. 013102-1-013102-8, ISSN 1941-7012 
Ishizuka, S.; Yamada, A. Matsubara, K. Fons, P. Sakurai, K. & Niki, S. (2009b). Development 
of high-efficiency flexible Cu(In,Ga)Se2 solar cells: A study of alkali doping effects 
www.intechopen.com
 
Development of Flexible Cu(In,Ga)Se2 Thin Film Solar Cell by Lift-Off Process 
 
419 
on CIS, CIGS, and CGS using alkali-silicate glass thin layers. Current Applied 
Physics, Vol. 10, (November 2009), pp. S154-S156, ISSN 1567-1739 
Ishizuka, S.; Yoshiyama, T. Mizukoshi, K. Yamada, A. & Niki, S. (2010). Monolithically 
integrated flexible Cu(In,Ga)Se2 solar cell submodules. Solar Energy Materials and 
Solar Cells, Vol. 94, (July 2010), pp. 2052-2056, ISSN 0927-0248 
Kapur, V. K.; Bansal, A. Le, P. Asensio, O. & Shigeoka, N. (2003). Non-vacuum processing of 
CIGS solar cells on flexible polymeric substrates, Proceedings of third World 
Conference on Photovoltaic Energy Conversion 2003, pp. 465-468, ISBN 4-9901816-0-3, 
Osaka, Japan, May 11-18, 2003 
Brémaud, D.; Rudmann, D. Bilger, G. Zogg, H. & Tiwari, A. N. (2005). Towards the 
development of flexible CIGS solar cells on polymer films with efficiency exceeding 
15%, Conference Record of the Thirty-first IEEE Photovoltaic Specialists Conference 2005, 
pp. 223-226, ISBN 0-7803-8707-4, Orlando, Florid, USA, January 3-7, 2005 
Caballero, R.; Kaufmann, C. A. Eisenbarth, T. Unold, T. Schorr, S. Hesse, R. Klenk, R. & 
Schock, H.-W. (2009). The effect of NaF precursors on low temperature growth of 
CIGS thin film solar cells on polyimide substrates. Physica Status Solidi A, Vol. 206, 
(May 2009), pp. 1049-1053, ISSN 1862-6300 
Ishizuka, S.; Hommoto, H. Kido, N. Hashimoto, K. Yamada, A. & Niki, S. (2008c). Efficiency 
Enhancement of Cu(In,Ga)Se2 Solar Cells Fabricated on Flexible Polyimide 
Substrates using Alkali-Silicate Glass Thin Layers. Applied Physics Express, Vol. 1, 
No. 9, (September 2008), pp. 092303-1-092303-3, ISSN 1882-0778 
Rudmann, D.; Brémaud, D. Zogg, H. & Tiwari, A. N. (2005). Na incorporation into 
Cu(In,Ga)Se2 for high-efficiency flexible solar cells on polymer foils. Journal of 
Applied Physics, Vol. 97, (August 2005), pp. 084903-1-084903-5, ISSN 0021-8979 
Zachmann, H.; Heinker, S. Braun, A. Mudryi, A. V. Gremenok, V. F. Ivaniukovich, A. V. & 
Yakushev, M. V. (2009). Characterisation of Cu(In,Ga)Se2-based thin film solar cells 
on polyimide. Thin Solid Films, Vol. 517, (Febrary 2009), pp. 2209-2212, ISSN 0040-6090 
Keyes, B. M.; Hasoon, F. Dippo, P. Balcioglu, A. & Abulfotuh, F. (1997). INFLUENCE OF Na 
ON THE ELECTRO-OPTICAL PROPERTIES OF Cu(In,Ga)Se2, Conference Record of 
the Twenty-Sixth IEEE Photovoltaic Specialists Conference, pp. 479-482 , ISBN 0-7803-
3767-0, Anaheim, California, USA, September 29-October 3, 1997 
Contreras, M. A.; Gabor, A. M. Tennant, A. Asher, S. Tuttle, J. & Noufi, R. (1994a). Accelerated 
publication 16.4% total-area conversion efficiency thin-film polycrystalline 
MgF2/ZnO/CdS/Cu(In,Ga)Se2/Mo solar cell.  Progress in Photovoltaics: Research and 
Applications, Vol. 2, (October 1994) pp. 287-292, ISSN 1062-7995 
Negami, T.; Satoh, T. Hashimoto, Y. Shimakawa, S. Hayashi, S. Muro, M. Inoue, H. & 
Kitagawa, M. (2002). Production technology for CIGS thin film solar cells. Thin Solid 
Films, Vol. 403-404, (January 2002), pp. 197-203, ISSN 0040-6090 
Minemoto, T.; Okamoto, C. Omae, S. Murozono, M. Takakura, H. Hamakawa, Y. (2005). 
Fabrication of Spherical Silicon Solar Cells with Semi-Light-Concentration System. 
Japanese Journal of Applied Physics, Vol. 44, No. 7A, (July 2005), pp. 4820-4824, ISSN 
0021-4922 
Contreras, M. A.; Tuttle, J. Gabor, A. Tennant, A. Ramanathan, K. Asher, S. Franz, A. Keane, 
J. Wang, L. Scofield, J. & Noufi, R. (1994b). HIGH EFFICIENCY Cu(In,Ga)Se2-
www.intechopen.com
 
Solar Cells – Thin-Film Technologies 
 
420 
BASED SOLAR CELLS: PROCESSIMG OF NOVEL ABSORBER STRUCTURES, 
Proceedings of the First World Conference on Photovoltaic Energy Conversion 1994, pp. 
68-75, ISBN 0-7803-1460-3, Waikoloa, Hawaii, USA, December 5-9, 1994 
Minemoto, T.; Negami, T. Nishiwaki, S. Takakura, H. & Hamawaka, Y. (2000). Preparation 
of Zn1-xMgxO films by radio frequency magnetron sputtering. Thin Solid Films, Vol. 
372, (August 2000), pp. 173-176, ISSN 0003-6951 
Minemoto, T.; Hashimoto, Y. Satoh, T. Negami, T. Takakura, H. & Hamakawa, Y. (2001). 
Cu(In,Ga)Se2 solar cells with controlled conduction band offset of window/ 
Cu(In,Ga)Se2 layers. Journal of Applied Physics, Vol. 89, (June 2001), pp. 8327-8330, 
ISSN 0021-8979 
www.intechopen.com
Solar Cells - Thin-Film Technologies
Edited by Prof. Leonid A. Kosyachenko
ISBN 978-953-307-570-9
Hard cover, 456 pages
Publisher InTech
Published online 02, November, 2011
Published in print edition November, 2011
InTech Europe
University Campus STeP Ri 
Slavka Krautzeka 83/A 
51000 Rijeka, Croatia 
Phone: +385 (51) 770 447 
Fax: +385 (51) 686 166
www.intechopen.com
InTech China
Unit 405, Office Block, Hotel Equatorial Shanghai 
No.65, Yan An Road (West), Shanghai, 200040, China 
Phone: +86-21-62489820 
Fax: +86-21-62489821
The first book of this four-volume edition is dedicated to one of the most promising areas of photovoltaics,
which has already reached a large-scale production of the second-generation thin-film solar modules and has
resulted in building the powerful solar plants in several countries around the world. Thin-film technologies
using direct-gap semiconductors such as CIGS and CdTe offer the lowest manufacturing costs and are
becoming more prevalent in the industry allowing to improve manufacturability of the production at significantly
larger scales than for wafer or ribbon Si modules. It is only a matter of time before thin films like CIGS and
CdTe will replace wafer-based silicon solar cells as the dominant photovoltaic technology. Photoelectric
efficiency of thin-film solar modules is still far from the theoretical limit. The scientific and technological
problems of increasing this key parameter of the solar cell are discussed in several chapters of this volume.
How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:
Yasuhiro Abe, Takashi Minemoto and Hideyuki Takakura (2011). Development of Flexible Cu(In,Ga)Se2 Thin
Film Solar Cell by Lift-Off Process, Solar Cells - Thin-Film Technologies, Prof. Leonid A. Kosyachenko (Ed.),
ISBN: 978-953-307-570-9, InTech, Available from: http://www.intechopen.com/books/solar-cells-thin-film-
technologies/development-of-flexible-cu-in-ga-se2-thin-film-solar-cell-by-lift-off-process
© 2011 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Attribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
